Optofluidic sensor for water solutions has been fabricated using a transfer adhesive film and simple all-room-temperature procedures. Performance of a Fabry-Perot (FP) cavity subjected to the high water throughput of ∼ 2 ml per 1 min (at a 0.8 m/s flow velocity) was spectrally characterized. The 25-μm-wide cavity can be repeatedly subjected to pressures causing up to a 1.5% its width's increase upon pressure cycling. Potential of the new optofluidic platform for applications where (i) large water volumes should be filtered as well as (ii) for measurements of turbulence onset in two-dimensional flows at high 1 m/s velocity are discussed. We show possibility to use FP cavity for the pressure sensing at sensitivity of Δλ /ΔP 0.075 nm/Pa and for the refractive index sensing at Δλ /Δn 390 nm per the refractive index unit.
Introduction
Inexpensive and high-throughput microfluidic sensors are required for monitoring water pollution, detection of contaminants of molecular, viral, and bacterial nature [1] . For certification of drinking water, it is necessary to test large 100 ml volumes, which are usually too large to handle by a microfluidic chip. By combining up to ten channels with identical sensing capabilities it is possible to reduce volume per channel and time of measurements. Hence, a 10 ml volume is a target for the filtered volume in a single channel. This would require flow rates of ∼ 2.5 m/s for a typical 2-mm-wide and 25-μm-deep microchannel with a built in Fabry-Pérot (FP) sensing area. For a high spectral selectivity, the depth of the FP chamber has to be 20-30 μm for spectral shifts on the order of 1 nm at the visible wavelengths to be reliably detected at a high video-rate temporal resolution. Narrow channels and high flow rates are also required for micro-particle detection, counting and sorting applications, and nano-/micro rheology research [2] [3] [4] [5] [6] [7] [8] [9] .
We have recently demonstrated a simple optofluidic sensor with a FP cavity using thermal embossing in PMMA [10] where FP-mirrors were separated by 25 μm. However, the semitransparent FP mirrors required for the spectral measurements in transmission were found to be solvent permeable. Seeping of water into the PMMA substrates was the fastest among the tested solvents: ethanol, methanol, and water. In order to use such sensors for analysis of large volumes of water they should be optimized for a lower solvent permeability, still be inexpensive (under a 1$/chip as in the earlier design [10] ), and should handle flows at high ∼ 1 m/s rates, which are close (or enter) the laminar-to-turbulent flow regime for two dimensional (2D) flows [11, 12] .
Microfluidic channels using a double-sided adhesive tape [13] for a simple straight [14, 15] and more complex channels [16] have been reported; however, this method never been used for the more demanding interferometric FP cavity definition in optofluidics.
Here, we demonstrate a sensor design all made at room conditions using a transfer adhesive film (TA) which defined a 25-μm-deep micro-channel suitable for spectrally sensitive FP detection. Such sensor is faster to make, it has a non-permeable bottom glass plate, and lesser spectral drift due to PMMA swelling (only the top mirror is water permeable). We show, that highly sensitive measurements of ∼ 0.1 − 1 nm/s spectral shifts can be detected and changes of refractive index of solution by Δn 1 × 10 −2 (Δλ /Δn 390 nm/RIU, RIU is the refractive index unit) in the channel can be reliably detected using monitoring of the FP-fringe shifts at a video-rate. We show a new application of an optofluidic FP cavity as a pressure sensor with sensitivity Δλ /ΔP 0.075 nm/Pa.
Experimental
Thermally evaporated gold mirrors of FP cavity were 40-nm-thick. The finesse of the FP in air was 2.5-2.6, slightly higher as those defined by embossing of Kapton [10] .
The fabricated microfluidic chip was connected to a peristaltic pump (Minipuls 3, Gilson) to flow water through the micro-channel. The average flow velocity was directly measured by collecting water from the exit tube during a fixed time ∼ 1 min with the 10 −3 g precision scales and was proportional to the speed of rotation (measured in rotations per minute [rpm]) of the peristaltic pump.
Spectrometric measurements were carried out using the same setup as reported earlier [10] . White light was focused into a spot of ∼ 1 mm on the central part of the FP mirror, collected into a fiber-coupled portable spectrometer (QE65000, Ocean Optics) at 0.4 nm spectral resolution and monitored over tens of minutes to few hours.
Results

Fabrication: interferometric chip using an adhesive film
One of the time consuming steps in fabrication of microfluidic PMMA sensors is thermal embossing and bonding [17, 18] . In the case of FP-cavities, the flatness over the mirror regions is of the key importance for a reproducible spectral detection of spectral shifts of a fringe pattern; the shifts are due to changes on the channel width, which can be caused by: (i) adhesion of the analyte to the mirror surfaces, (ii) a permeability of the thin FP-mirrors as we reported recently [10] , (iii) a change of refraction index of solution, or (iv) due to presence of micro- particles inside the channel.
Here, we demonstrate a method to define the depth of the FP-chamber and channel ( Fig. 1 ) by use of a transfer adhesive (ARclad 8026 Adhesives Research Inc.) and manual pressure (for ∼ 10 s) to glue together the plates. ARclad 8026 is a silicone-based 25 μm-thick TA tape, which is UV and moisture resistant. Channel pattern was cut in TA by CO 2 laser (VLS 2.30, Versa Laser) without carbonization. The laser output power to cut TA without carbonization was 5 mW. Diameter of the laser beam was ∼ 100 μm. Channel is formed by a single pass along a circumference of the designed channel pattern.
The TA is water impermeable and has a good mechanical durability. It is advantageous to use TA as compared with thermal embossing due to several reasons: (i) it shortened time of chip fabrication by 2-3 times, as there are fewer production steps, (ii) adhesive has a selected uniform thickness, hence, a better reproducibility between samples was achieved, and (iii) different chip geometries can be realized. Flexibility of the new design is demonstrated by making a prototype chips shown in Fig. 2 : an insertion of the single mode fiber into a channel at an 90 deg angle (d), making a flow selector (b) or a flat-chip (c). In the case of the fiber and flat-chip, thermal embossing was not required as the channel was formed in TA and fiber insertion groove is prefabricated in the top PMMA plate (note, fiber can be inserted after the chip is fabricated). All the experiments of refractive index and pressure sensing were carried out in a chip made by the sequence shown in Fig. 1 and shown in Fig. 2(a) .
Using glass for the bottom plate of a chip provides advantage of having a flat mirror surface, greater mechanical stability of a whole system and impermeability to water. The top-plate of the chip made of PMMA allows a simple and strong attachment of inlet/outlet connections and different geometries, e.g., planar tube alignment is amendable and can be used to introduce optical fibers or operate at very high flow rates. Figure 3 shows transients of the selected peaks of FP-fringes at λ 0 650 nm in three identically fabricated channels; a minor difference between the mirrors was caused by a slight distance change from an evaporation target. The water permeation through the mirror into PMMA top plate is causing the spectral drift as shown in (Fig. 3) and was reported earlier [10] . Slower permeation rate and PMMA swelling (narrowing of the FP-cavity) was observed for the waterglycerol mixtures as would be expected due to larger glycerol molecules. The rate of permeation was approximately half of that observed in chips where both plates were out of PMMA for the same thickness of Au-mirrors [10] . It is noteworthy, that polymer swelling itself can be used as a sensing principle [19, 20] .
Refractive index and pressure sensing
Changes of the refractive index inside the channel were detected by switching from water to the water-glycerol mixture; the corresponding refractive index change is Δn = 3.1 × 10 −2 . Sensitivity of the refractive index sensing is Δλ /Δn 390 nm/RIU. The white light illumination spot on the FP-mirror was d 1 mm and determined the switching time limit as t s = d/v = 1 ms to 1 s for the flow speeds of v = 1 m/s and 0.1 cm/s, respectively. The actual switching time was about 1 s in our experiments as defined by a manual switch of channels in the peristaltic pump. The width of the channel was approximately 1 mm and similar speed of selection between two solutions can be achieved using an auxiliary selector shown in Fig. 2(b) .
The actual switching time between two solutions was traced with sensitivity ∼5 nm/min at the used spectral sampling speed of the one measurement per 15 s for the 2.5 h experiment shown in Fig. 3 . The rate of pressure change of ∼ 1 nm/s was observed when the fastest 0.38 m/s flow was turned on and off (Fig. 4(b) ). switching performance of the FP-cavity and summarizes monitoring of spectral shifts of the FP fringes at different flow rates and the on-off switching transients. Narrowing of the FP cavity (due to a PMMA swelling) at the lowest flow rate was changed to an expansion at the larger speeds. Even at the highest flow rates of v 1 m/s the adhesive was holding the plates well and after the pump was switched off, the FP fringes followed the standard slow flow behavior (see, extended regions in Figs. 4(a) and 4(b) ). The on-off switching at the highest flow rates of v 1 m/s (limited by a tube's detachment from the channel) was achieved without degradation of the FP cavity nor channel. Adhesion of a TA film to the top and bottom plates remain uncompromised (without recognizable leaks and delamination) after up to 6 hours of testing. During one hour stress-testing of a structural integrity of a microfluidic channel water is pumped at the maximum speed (v 1 m/s) and pump makes ∼ 24000 "On" and "Off" cycles (similar testing is shown in Fig. 4 ). The only reason of channel degradation was swelling of the top PMMA plate as we reported earlier and for the water solutions occurred after prolonged several hours of operation [10] . These optofluidic chips are intended for the fast measurements which are shorter than 5-10 min. The pressure changes in the channel can be measured by monitoring spectral shifts of the FP cavity (see, Fig. 4) . To quantify the pressure change, ΔP, we, first, measured the vertical height of a spraying solution from a nozzle and, then, velocity is calculated from the balance of kinetic and potential energies. At the fixed flow rate, the velocity of solution in the tube of arbitrary diameter is calculated from Bernoulli equation (the diameter of the syringe tube used as nozzle is known):
(1) where P 1 and P 2 are pressures in the pump and in atmosphere (101325 Pa), respectively; ρ is the density of water, g = 9.8 m/s 2 is the Earth's gravity constant, h 1 , h 2 equals zero as both nozzle and pump are at the same ground level, v 1 is the speed of liquid in the pump, whereas v 2 is the speed of liquid exiting the nozzle. Figure 5 shows results of the differential pressure, ΔP, calculations vs rotation speed of the peristaltic pump. At the pumping speed of 10 rpm, the pressure estimate was ΔP ∼ 160 Pa. The shift of peak position in experimentally observed spectrum (Δλ ) was ∼12 nm (at the wavelengths around ∼785 nm). This defines a sensitivity of device Δλ /ΔP 0.075 nm/Pa. As the spectral resolution of our portable spectrometer is only 0.4 nm, we can reliably detect change of ΔP 5.33 Pa in the channel.
The spectral shifts of FP fringes can be used as a flow meter over the dynamic range of 100 as shown in Fig. 4 . The flow velocity, v, of liquid whose viscosity is, μ, driven by the pressure difference, ΔP, scales with the transverse dimensions of channel, b, and its length, L as [21] :
The FP cavity build in a microfluidic channel is acting as a pressure or flow velocity sensor. Shift of the fringes over approximately the free spectral range Δλ 10 nm corresponds to the FP cavity change by ∼ λ /2 325 nm, i.e., an increase by 1.3% as was observed in the case of 0.14 m/s.
Discussion
The peak positions of FP fringes undergo small erratic shifts as flow rate increases (see, Fig. 4(b) ). It is related to the pump's noise whose rotation speed is known (e.g., 10 rpm for 0.38 m/s flow velocity). Fourier analysis (not shown) revealed that spectral shifts of FP fringes are related to the rotation speed of the pump and is the main source of the noise in spectral measurements. Syringe pumps would be preferable for measurements at increased signal-tonoise ratio.
Data analysis of Figs. 3 and 4 shows that changing of refractive index or flow rate in the channel can be monitored by spectral shifts of the FP fringe pattern. The presence of a slow PMMA swelling in water can be easily accounted for as a baseline shift (it can be slightly different from channel to channel). This shows that 10 ml per 5 min at a 1 m/s flow velocity is a feasible target for filtration in a simple channel held together by an adhesive spacer, which defines the channel geometry. The presented simple channels can be operated at flow rates corresponding to the Reynolds number (Re) Re ≡ ρvx μ > 2300, where v is the velocity of flow and x is the characteristic linear dimension of the flow. The Reynolds number represents the ratio of the inertia to viscous force and predicts onset of turbulency of a 3D flow when Re > 2300. The optofluidic channels can be used for a little explored turbulence onset phenomena in 2D flows in an easy and accessible way, e.g., using selector of two colored fluids (see, Fig. 2(b) ).
The 2D flows are important due to their relevance in geo-physical, atmospheric, oceanography and fundamental hydrodynamics fields of research [11, 12] . The fundamental down scaling laws of hydrodynamics [22] justifies the use of micro-fluidic chip to model 2D turbid phenomenon relevant to formation of cyclones and warm/cold oceanic flows which all have width/depth 10 2 − 10 3 ratio as in a microfluidic chip 2 mm/20 μm = 100. We recently demonstrated that hydrodynamic scaling allows to compare laser induced material mass flow induced by micro-explosions [23] with their macro counterparts which have energies 10 21 times higher and the space and time scales increased by 10 7 [24] .
Conclusions
We demonstrate a simplified and versatile optofluidic platform where the channel is made in the adhesive film which is also used to assemble and hold the top and bottom plates of FP cavity. The channel was tested at high pressure corresponding to flow velocity up to 1 m/s and is capable for transport of comparatively large (10 ml) volumes in a reasonable operation time (5 min) required for actual certified drinking water tests. FP cavity of 25 μm width was reliably withstanding a high flow rate (high pressure) load during spectral measurements with a detection noise mainly caused by an uneven pressure of the peristaltic pump.
